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Echinoid (Ed) is a homophilic immunoglobulin domain-containing cell adhesion molecule (CAM) that localizes to adherens junctions (AJs)
and cooperates with Drosophila melanogaster epithelial (DE)-cadherin to mediate cell adhesion. Here we show that Ed takes part in many
processes of dorsal closure, a morphogenetic movement driven by coordinated cell shape changes and migration of epidermal cells to cover the
underlying amnioserosa. Ed is differentially expressed, appearing in epidermis but not in amnioserosa cells. Ed functions independently from
the JNK signaling pathway and is required to regulate cell morphology, and for assembly of actomyosin cable, filopodial protrusion and
coordinated cell migration in dorsal-most epidermal cells. The effect of Ed on cell morphology requires the presence of the intracellular domain
(Edintra). Interestingly, Ed forms homodimers in vivo and Edintra monomer directly associates with unconventional myosin VI/Jaguar (Jar)
motor protein. We further show that ed genetically interacts with jar to control cell morphology. It has previously been shown that myosin VI
is monomeric in vitro and that its dimeric form can associate with and travel processively along actin filaments. Thus, we propose that Ed
mediates the dimerization of myosin VI/Jar in vivo which in turn regulates the reorganization and/or contraction of actin filaments to control
changes in cell shape. Consistent with this, we found that ectopic ed expression in the amnioserosa induces myosin VI/Jar-dependent apical
constriction of this tissue.
© 2007 Elsevier Inc. All rights reserved.Keywords: Echinoid; Jaguar; Myosin VI; Cell adhesion; Cell migration; Dorsal closure; DrosophilaIntroduction
Morphogenesis during animal development involves the
rearrangement and movement of different cell types. Cell
adhesion and cell motility are the two major mechanical forces
that contribute to morphogenetic events. The expression of
specific cell adhesion molecules (CAMs) on the cell surface
determines the strength and specificity of cell adhesion. On the
other hand, cell motility is usually associated with reorganiza-⁎ Corresponding author.
E-mail address: lshsu@life.nthu.edu.tw (J.-C. Hsu).
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doi:10.1016/j.ydbio.2007.08.043tion/contraction of the actin cytoskeleton leading to changes in
cell shape and cell migration.
Dorsal closure of the Drosophila embryo is a multi-step
morphogenetic event that involves the sealing of two opposing
epithelial cells and displacement of the underlying exposed
amnioserosa following germband retraction (for reviews see
Jacinto et al., 2002b; Harden, 2002; Noselli and Agnes, 1999).
At stage 12 of embryogenesis when dorsal closure begins, the
dorsal-most epithelial (DME) cells adopt a rectangular shape
and orient themselves along the D–V axis. It is assumed that a
weak contraction by the underlying amnioserosa cells causes
the leading edge (LE) front to become scalloped (Jacinto et al.,
2002b). Subsequently at stage 13, DME cells assemble a
Fig. 1. Ed is differentially expressed in DME but not in amnioserosa. Cuticle
preparation of wild-type embryos (A) and ed1x5 M/Z embryos (B). ed1x5 M/Z
embryos show a ‘dorsal open’ phenotype (arrowhead). (C–G) Ed expression
pattern during stage 11 (C), late stage 12 (D), 13 (E), 14 (F), and 15 (G) of
embryogenesis. Ed is expressed in DME cells but not in amnioserosa (AS). Ed
accumulates at ANC (arrowheads in panels E, F) but is cleared from the LE
(arrowheads in panels C, D). Inset: Ed is still present on the LE (arrow) if DME
cells do not constrict along D–Vaxis. (H–H″) When ed is ectopically expressed
in amnioserosa by c381-Gal4, Ed (green) preferentially localizes to the half of
LE (arrows) where a DME cell (red, stained for Arm) directly contacts an Ed-
expressing amnioserosa cell (asterisks). However, Ed is absent from the other
half of LE (arrowhead) where this DME cell simultaneously contacts with
another Ed-nonexpressing amnioserosa cell.
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(Young et al., 1993). Through the combined effects of
contraction in both the amnioserosa and the supracellular
purse-string, the DME cells fully elongate in the D–V direction
and sweep forward with a taut LE front. From stage 14 to stage
15, the two opposing DME cells extend filopodia/lamellipodia
and zip together at the dorsal midline. Laser microsurgery
studies indicate that contractility of both amnioserosa and
purse-string produces the tension driving the DME cell
movement from stage 13, whereas adhesion-mediated zipping
is essential for the sealing process at stage 14/15 (Kiehart et al.,
2000; Hutson et al., 2003).
Genetic analyses of dorsal closure have identified that the
JNK, Decapentaplegic (DPP) and Wingless pathways play
important roles in dorsal closure (for reviews see Jacinto et al.,
2002b; Harden, 2002; Noselli and Agnes, 1999; Kaltschmidt
et al., 2002). For example, the activation of JNK signaling
pathway in DME cells induces DPP expression that, in turn,
causes the elongation of the lateral epidermis (Glise and
Noselli, 1997; Riesgo-Escovar and Hafen, 1997). Moreover,
various components that control cell adhesion and/or cytoske-
letal organization, such as Src42A, Abl and myosin II regulate
the stability of AJs and actin dynamics and therefore, dorsal
closure (Tateno et al., 2000; Grevengoed et al., 2001; Franke
et al., 2005). The Rho small GTPase family is another group
of genes that affect the assembly of actomyosin cable and
formation of filopodia/lamellipodia (Magie et al., 1999;
Harden et al., 1999; Bloor and Kiehart, 2002; Jacinto et al.,
2002a,b; Woolner et al., 2005; for review see Van Aelst and
Symons, 2002). Although numerous genes have been
identified that are required for the completion of dorsal
closure, only a few examples of membrane receptors,
including Notch and Echinoid (Ed), have been demonstrated
to be essential for this process (Zecchini et al., 1999; Laplante
and Nilson, 2006).
Ed is an immunoglobulin domain-containing CAM that
localizes to AJs where Ed cooperates with DE-cadherin to
mediate cell adhesion (Bai et al., 2001; Wei et al., 2005). We
proposed that DE-cadherin and Ed, via α-catenine and Canoe/
afadin respectively, associate with actin filaments (Wei et al.,
2005). Similar to Ed, the mammalian nectins comprise a
family of Ig domain-containing CAMs that localize to AJs
and interact with Canoe/afadin (Takahashi et al., 1999).
Nectins function to recruit and stabilize AJs and tight junction
components (for reviews see Chen and Gumbiner, 2006).
Although Ed is not essential for the establishment of epithelial
polarity, Ed plays important roles in cell adhesion/recognition.
For example, clones of ed mutant cells sort out from the
surrounding wild-type cells in the wing imaginal disc and ed
mutant cells have reduced apical surfaces, fail to form proper
AJs at interfaces with ed+/− cells, and are surrounded by an
actomyosin cable (Wei et al., 2005). A similar phenotype is
also detected in ed mutant clones in the follicle cells, which
prompts Laplante and Nilson (2006) to propose that
differential Ed expression between cell types induces the
formation of an actomyosin cable at their interface. Consistent
with this hypothesis, an actomyosin cable is assembledbetween DME and amnioserosa cells during dorsal closure
where Ed is differentially expressed only in DME but not in
the amnioserosa (Fig. 1 and Laplante and Nilson, 2006). Here,
we directly test this hypothesis by analyzing the actomyosin
cable formation when ed is ectopically expressed in the
amnioserosa.
Drosophila jar encodes an unconventional myosin VI
motor protein that predominantly moves toward the minus end
of actin filaments (Wells et al., 1999). Dimeric myosin VI
takes multiple steps along an actin filament without detach-
ment, so myosin VI might behave as a processive motor that
transports myosin VI-binding cargo within a cell (Rock et al.,
2001, Buss et al., 2002; Nishikawa et al., 2002). Alternatively,
myosin VI dimer, via its motor domain, might associate with
an actin filament and therefore act as an anchor to tether cargo
to actin filaments (Altman et al., 2004; for review see
Sweeney and Houdusse, 2007). Consistent with this, Jar was
hypothesized to stabilize the actin network by cross-linking
actin filaments during Drosophila spermatid individualization
(Noguchi et al., 2006). Interestingly, myosin VI is monomeric
in vitro and can form functional dimers only when two
monomers are held in close proximity, raising the possibility
that dimerization of this motor is regulated in vivo (Lister et
al., 2004; Park et al., 2006).
In this report, we analyzed in detail the function of Ed during
dorsal closure and found that Ed is required in many steps of
this process. Ed is crucial for the cell shape changes of DME
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coordinated cell migration and correct segment alignment.
Significantly, Ed forms homodimers and monomeric Edintra
directly associates with Jar. We present evidence that the effect
of ed on cell shape change requires the presence of Edintra and
this effect is mediated through jar. Thus, Ed might regulate the
dimerization of Jar in vivo to control cell morphology and
therefore dorsal closure.
Materials and methods
Drosophila stocks and genetic crosses
The following Drosophila stocks were used: ed1x5, edlF20 (Bai et al., 2001);
jar322 (Petritsch et al., 2003); UAS-GFP-actin (Verkhusha et al., 1999); UAS-ed
(Bai et al., 2001); UAS-EdΔintra (Bai et al., 2001); en-Gal4 (Brand and
Perrimon, 1993); c381-Gal4 (Harden et al., 2002); da-Gal4 (Wodarz et al.,
1995); pucE69 (Martin-Blanco et al., 1998); hep1 (Glise and Noselli, 1997);
UAS-Edintra-GFP (this study).
The ed germline clone embryos were generated using the FLP-DFS
technique (Chou and Perrimon, 1996). The ed M/Z embryos were identified by
mating germline clone-bearing virgin females with males carrying ed/CyO,wg-
lacZ, and selecting the non-lacZ embryos. To facilitate genetic manipulation,
edlF20 en-Gal4/CyO and UAS-EdΔintra UAS-GFP-actin/TM3 Sb recombinant
stocks were generated. To rescue the dorsal closure defect of ed M/Z embryos,
germline clone-bearing virgin females were mated with males carrying either
ed1x5 en-Gal4/+; UAS-ed/+ (with selection of the Ed-expressing embryos with
anti-Ed) or ed1x5 en-Gal4/+; UAS-EdΔintra UAS-GFP-actin/+ (with selection of
embryos with GFP expression). To generate edlF20/+; jar322/jar322 embryos,
males carrying edlF20/SM5; jar322/TM6B double balancer were crossed to jar322/
TM3Sb virgin females. To generate UAS-ed/+; c381-Gal4/+; jar322/jar322
embryos, c381-Gal4/+; jar322/+ virgin females were crossed with males
carrying UAS-ed; jar322/+. Embryos were selected for the presence of Ed in
the amnioserosa using anti-Ed and for the absence of Jar using anti-Jar. To
generate hep1/+; edlF20/edlF20 embryos, edlF20/CyO virgin females were crossed
with males carrying hep1/Y; edlF20/+.
Embryo staging
We used the degree of germband retraction and midgut fusion as the criteria
for embryo staging at 25 °C. Briefly, the criteria were as follows. Stage 12: onset
of germband retraction and the anterior and posterior midgut anlagen are seen as
two distinct cell bands that approach each other. Stage 13: the germband has
completely contracted and the anterior and posterior midgut anlagen have fused
to form a continuous band. Stage 14: the DME cells start to zip together at the
dorsal midline and the midgut broadens dorsally. Stage 15: dorsal closure of
epidermis has been completed and the midgut (with heart shape) shows one to
three constrictions.
SEM and cuticle preparations
Embryos for SEM were prepared as described (Jacinto et al., 2002a). Cuticle
preparation was carried out as described previously (Chen et al., 2006).
Molecular biology
The UAS-Edintra-GFP was generated by subcloning the intracellular domain
of Ed (amino acids 918–1332) together with EGFP into the pUAS vector (Brand
and Perrimon, 1993). The PCR fragments coding for amino acids 918–1332,
918–1182, 918–1108 and 918–997 of Ed were subcloned into pGEX-2T to
generate GST-Edintra, GST-EdN265, GST-EdN191 and GST-EdN80, respectively.
The construct GST-Ed50 has been previously described (Wei et al., 2005). The
PCR fragments coding for amino acids 1–1140, 1–767, 1–1022, 768–1140 and
901–1140 of Jar were subcloned into pGEX-2T to generate GST-Jar, GST-
Jar767, GST-Jar1022, GST-Jar768–1140 and GST-Jar901–1140, respectively.Protein interaction assays
For GST pull-down assays, 15–40 μg purified GST-fusion proteins were
incubated with in vitro translated 35S-labeled protein (Promega TNT system) as
described (Wei et al., 2005). For in vivo coimmunoprecipitation, embryo lysate
was prepared as described (Wei et al., 2005) and immunoprecipitated with anti-
Ed (1:1000) or anti-GFP (1:1000; Molecular Probes, Invitrogen) followed by
Western blot with anti-Jar (1:1000) or anti-Ed (1:1000), respectively, using the
ECL protocol (Amersham Pharmacia).
Time-lapse and quantitative analysis
GFP-actin expressing embryos were dechorionated and mounted in
Halocarbon 700 for time-lapse analysis with a Zeiss Model Pascal confocal
microscope. Images were compiled from optical sections of 1–2 μm.
Quantitation was performed with MetaMorph imaging software (Molecular
Devices, Sunnyvale, CA).
Histochemistry
For immunostaining, embryos were fixed in either 4% formaldehyde or
hot methanol (Muller and Wieschaus, 1996). The following primary
antibodies were used: guinea pig anti-Ed (1:200; Wei et al., 2005), mouse
mAb anti-phosphotyrosine (1:500; Upstate, Millipore), mouse mAb anti-Arm
(N2-7A1, 1:40; DSHB, Iowa University), mouse mAb anti-Jar (1:20; Rogat
and Miller, 2002), mouse mAb anti-fasciclin III (7G10, 1:20; DSHB), rabbit
anti-myosin II zipper (1:500; Franke et al., 2005), rabbit anti-β-galactosidase
(1:1000; Cappel, Solon OH) and Alexa 594-phalloidin (1:100; Molecular
Probes, Invitrogen).
Results
Ed is expressed in DME cells but not in the amnioserosa
Zygotic ed mutants survive embryogenesis (Bai et al.,
2001). To examine the functional requirement of Ed during
embryogenesis, we generated embryos maternally and
zygotically mutant for an ed null allele ed1x5 (ed1x5 M/Z)
(Escudero et al., 2003). In addition to the ventral holes in the
cuticle that indicate an embryonic nervous system hyperplasia
(Escudero et al., 2003), we observed that ed1x5 M/Z embryos
exhibit other cuticular defects including dorsal holes (Fig. 1B,
Table 1), anterior holes and aberrant head involution (Fig. 2I).
To investigate whether ed function is required for dorsal
closure, we first examined the distribution of Ed during dorsal
closure. Although Ed is expressed throughout the lateral
epidermis at the level of AJs (data not shown), Ed is cleared
from the LE at stage 11 (before the onset of dorsal closure)
and stage 12 (when dorsal closure begins) (Figs. 1C, D). Ed
gradually accumulates at the future actin-nucleating center
(ANC) as DME cells elongate in the D–V axis (stage 13 and
afterwards) (Figs. 1E–G) (Kaltschmidt et al., 2002). Occa-
sionally, Ed may remain on the LE if DME cells do not
elongate properly (Fig. 1D, inset). This indicates that the
clearing of Ed from LE might require proper establishment of
polarity. When the two opposing epidermal cells merge, Ed
re-localizes to the midline (Fig. 1G). Interestingly, like other
homophilic CAMs such as Flamingo and fasciclin III
(Kaltschmidt et al., 2002), Ed is undetectable in the
amnioserosa (Figs. 1C–G and Laplante and Nilson, 2006).
We reasoned that the differential expression of homophilic Ed
Table 1
Genetic interaction between ed, hep and jar














edlF20 M/Z 70 16 30 79 3 3
edlF20/edlF20 393 3 b1 1 2 1
hep1/hep1 293 3 1 b1 2 1
hep1/+; edlF20/edlF20 210 1 1 4 2 b1
jar322/jar322 328 b1 3 b1 2 b1
edlF20/+; jar322/jar322 77 45 20 10 27 27
edlF20/edlF20; jar322/+ 77 31 7 14 38 33
Embryos with a dorsal hole or a large dorsoanterior hole were considered dorsal
hole; embryos with a closed cuticle but malformed mouth parts were scored as
head involution defect.
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the clearing of Ed from the LE. To test this hypothesis, we
ectopically expressed ed in the amnioserosa using the GAL4/
UAS system (Brand and Perrimon, 1993). c381-Gal4 was
expressed only in amnioserosa cells (Harden et al., 2002) but
its expression was non-uniform (Figs. 7E, F, referred to as
transgenic mosaics, see Franke et al., 2005). In general, the
ectopic ed expression in amnioserosa was much higher than
endogenous Ed in the epidermis and, in addition to membrane
localization, Ed also formed aggregates in the cytosol (Figs.
1H, 7E, F). At stage 12/13 in c381-Gal4-driven UAS-ed
embryos, Ed was preferentially present at the LE of DME
cells only when they directly contacted Ed-expressing
amnioserosa cells (Fig. 1H). This result indicates that
homophilic interaction and the differential expression of Ed
are the driving forces for Ed clearance.Fig. 2. Ed is required in many processes of dorsal closure. (A–C) Wild-type
embryos, stained for Arm. (A) At stage 12, DME cells are rectangular in shape
and the LE is scalloped. (B) Following amnioserosa constriction at stage 13,
DME cells elongate along D–Vaxis and the LE becomes taut. (C) At stage 14/
15, further constricted DME cells sweep forward and zip up at the dorsal
midline. (D–G) edlF20 M/Z embryos with GFP-actin (green) in engrailed stripes
have been counterstained for Arm (red). (D) At stage 12, DME cells are
polygonal in shape with an uneven LE front. (E) At early stage 13, DME cells
fail to elongate (arrowhead) and move toward the midline with different speed.
Misalignment phenotype of stage 14 (F) and 15 (G). (F) DME cells from two
adjacent stripes turn to each other and fuse perpendicularly to the dorsal midline
(arrowhead). (G) A DME cell elongates in the A-P direction to contact more than
one DME cell (arrowhead). Inset: larger magnification shows two DME cells
(outlined by a solid line) from one compartmental stripe zipping with five DME
cells (outlined by dashed line) from two opposing stripes. (H, I) Scanning
electron micrographs of wild-type (H) and ed1x5M/Z embryos (I) at stage 15 of
dorsal closure. ed1x5 M/Z embryos display fusion between adjacent stripes
(arrow) and failure at head involution (arrowhead). (J, K) The expression of full-
length Ed in engrailed stripes restores the accumulation of actin filaments along
their LE in ed1x5 M/Z embryos. (J–J″) Stage 12 embryos were labeled with anti-
phosphotyrosine (green) and phalloidin (red) to reveal the expression of actin
filaments (brackets). Ed-expressing DME cells (labeled with GFP-actin, blue)
also elongate in the D–Vaxis. (K) Stage 13 embryos were double-labeled with
anti-phosphotyrosine (red) and anti-Ed (green) to reveal the expression of Ed.
The hyperconstriction of DME cells causes the invagination of LE front (dashed
line). (L) The expression of EdΔintra in engrailed stripes fails to rescue cell shape
changes of ed1x5 M/Z embryos. Embryos were double labeled with anti-
phosphotyrosine (red) and GFP-actin (green) to visualize EdΔintra expression.Ed affects cell morphology of DME cells
To investigate whether ed function is required for dorsal
closure, we used en-Gal4-driven UAS-GFP-actin to mark the
posterior compartment of each segment and compared the
processes of dorsal closure in wild-type vs. edlF20 M/Z embryos.
edlF20 is also a null allele (Escudero et al., 2003). By using
Armadillo (Arm) to outline the cell morphology of edlF20 M/Z
embryos, we observed that, at stage 12, DME cells were more
round-shaped than wild-type cells, and they migrated prema-
turely and uncoordinatedly (compare Figs. 2D and A). This
indicates that Ed is required to establish/maintain the rectan-
gular shape of DME cells as well as the scalloped LE front, even
when the amnioserosa has not yet undergone overt constriction.
Unlike the normally straight and apparently taut LE of stage 13
wild-type embryos (Fig. 2B), many DME cells failed to further
constrict and elongate in the D–Vaxis (Fig. 2E, arrowhead), and
427H.-P. Lin et al. / Developmental Biology 311 (2007) 423–433they varied greatly in their speed of migration (Fig. 2E). This
was true for cells of different segments but also for cells within
the same segment (Fig. 2E).
Ed affects migration and actomyosin cable formation of
DME cells
Actomyosin cable is required for DME cell contractility and
maintaining a coherent LE front (Jacinto et al., 2002a). The
failure of DME cells to adopt correct cell shape and move
coordinatedly in edlF20 M/Z embryos suggests a possible role
of Ed in actomyosin cable assembly. Actin was evenly
distributed around the cell cortex of epidermal cells at stage
11 of wild-type embryos (Fig. 3A) and polarized actin filamentsFig. 3. Assembly of actomyosin cable and filopodial protrusion requires ed. (A,
B, D, F, H, J) Wild-type embryos. (C, E, G, I) ed1x5 M/Z embryos. (A, B, D) The
distribution of actin in stage 11 (A), 12 (B) and 13 (D). The actomyosin cable is
disrupted at stage 12 (C) and 13 (E) in ed1x5 M/Z embryos. Myosin II zipper
mislocalizes in ed1x5 M/Z embryos (stage 14) (G). The apical accumulation of
Jar in DME cells is reduced in ed1x5 M/Z embryos (stage 14) (I). Jar is mainly
concentrated at the dorsal side of DME cells (H) but is diffusively expressed in
the much larger amnioserosa cells. To better demonstrate the outline of DME
cells, we reduced the aperture of the confocal microscope that in turn caused the
loss of Jar signals in amnioserosa. (J, K) Live imaging of wild-type (J) and
edlF20 M/Z embryos (K) expressing GFP-actin in engrailed stripes. DME cells of
wild-type embryos possess a thick actomyosin cable and extensive filopodial
protrusion (arrowheads in panel J). However (K), actomyosin cable is disrupted
and only a few filopodia are detected in DME cells of edlF20 M/Z embryos. (L)
Area of the protrusion extending from the DME cells of wild-type and edlF20 M/
Z embryos plotted vs. time during the zippering phase of dorsal closure. Images
compiled from 4 to 16 confocal sections (1–2 μm) were collected at different
time points during the zippering phase of dorsal closure. The protrusive area for
individual DME cell was outlined and analyzed using Metamorph software. For
each genotype, we averaged the data from 20 DME cells from 5 different
embryos. The error bars represent standard error.accumulated along the LE of DME cells at stage 12 (Fig. 3B).
Subsequently at stage 13/14, the thick accumulation of actin
filaments at the LE and future ANC became increasingly
prominent (Fig. 3D). We observed that, in edlF20 M/Z embryos,
the even distribution of actin around the cell cortex was
unaffected at stage 11 (data not shown) but the accumulation of
actin filaments along the LE was either feeble or disrupted in
the DME cells from stage 12 and afterwards (Figs. 3C, E,
Laplante and Nilson, 2006). Moreover, several proteins,
including myosin II zipper, Enabled, RhoGEF2, Flamingo
and Src42 that accumulate in large aggregates along the
actomyosin cable, were also missing (Fig. 3G and data not
shown). Moreover, the expression of myosin VI/Jar along the
apical side of DME cells (filopodia and lamellipodia) was
subcellularly mislocalized as the myosin VI/Jar signal became
more diffused (Fig. 3I) (Millo et al., 2004).
To verify that ed function is required for cell shape changes
and actomyosin cable assembly, we examined the cell
morphology of DME cells in ed1X5 M/Z embryos, expressing
UAS-ed using the en-Gal4 driver. The striated expression
pattern of ed, at stage 12, allowed these Ed-expressing DME
cells to elongate in the D–V axis and accumulate actin
filaments along their LE (Fig. 2J, brackets). At stage 13, these
Ed-expressing DME cells still accumulated actin filaments
(data not shown) and became further constricted along the LE
side that, in turn, caused indentation of the LE front (Fig. 2K).
However, these Ed-expressing DME cells failed to elongate
further in the D–V axis (Fig. 2K), and the reason for this is
unclear. We speculate that the contraction of actomyosin cable
within the Ed-expressing DME cells together with the lack of
actomyosin cable assembly at the adjacent ed minus DME
cells contributed to the hyperconstriction. Taken together, our
results suggest that Ed is required for cell shape changes and
actomyosin cable assembly, and the contraction of actomyosin
cable in these cells produces tension to maintain the taut LE
front.
To determine the region in Ed required for these processes,
we used the en-GAL4 to express UAS-edΔintra (lacking the
Fig. 4. Ed does not affect the JNK signaling pathway. Wild-type (A, A′) and
ed1x5 M/Z (B, B′) embryos with pucE69 enhancer trap, stained for β-
galactosidase (green) and phosphotyrosine (red). Although pucE69 expression
pattern is more disorganized in ed1x5 M/Z embryos, about 10–12 puc-positive
cells per segment are detected (brackets) in both embryos. Some puc-positive
DME cells close to the compartmental junction are not seen in this focal plane.
Arrowhead in panel B indicates the lagging puc-positive DME cells.
428 H.-P. Lin et al. / Developmental Biology 311 (2007) 423–433intracellular domain but containing the transmembrane and
extracellular domains) (Bai et al., 2001) in ed1X5 M/Z embryos.
Unlike the full-length Ed, EdΔintra failed to rescue the cell shape
changes and the assembly of actin filaments caused by loss of
functional Ed (Fig. 2L and data not shown), indicating that
Edintra is also required to regulate cell morphology.
To monitor the dynamic processes of forward cell migration
at stage 14/15, we imaged live wild-type and edlF20 M/Z
embryos expressing GFP-actin using the en-Gal4 driver. A
thick actomyosin cable and extensive filopodial/lamellipodial
protrusion were clearly visible in the DME cells of wild-type
embryos (Fig. 3J, arrowheads). However, DME cells in edlF20
M/Z embryos failed to assemble an actomyosin cable and in
general, expressed only few filopodia/lamellipodia (Fig. 3K).
As a result, the LE protrusion area per hemisegment in edlF20
M/Z embryos was significantly lower than those of wild-type
embryos (Fig. 3L).
Following the cell migration at stage 14/15, several types
of misalignment between epidermal stripes that stall the
zippering processes were observed. The first category
displayed pairing of adjacent, but not the opposing, compart-
mental stripes when DME cells of these two stripes turned
and made contact perpendicularly to the dorsal midline (Figs.
2F, I). The second category exhibited pairing of one stripe
with two opposing stripes when an LE cell elongated in the
A–P axis to increase its surface area to contact more than
one DME cell (Fig. 2G). Finally, DME cells of unpaired
stripes often bunched together and did not reach the midline
(Figs. 2F, G). Because ed minus cells moved independently
with different speeds, these misalignment phenotypes could
be explained by the preferential contacts between stripes that
had faster-moving DME cells. Altogether, our observations
indicate that Ed is required in DME cells for cell shape
changes, assembly of actomyosin cable and filopodial
protrusion, coordinated cell migration and correct segment
alignment.Ed does not affect JNK signaling
Since JNK signaling is required for the elongation of DME
cells and the integrity of LE cytoskeleton (Harden, 2002), we
investigated whether the effects of ed on dorsal closure might
be mediated through the JNK cascade. Thus, we examined
pucE69 directed β-galactosidase expression in the DME cells of
ed1X5 M/Z embryos. The expression of pucE69 enhancer trap in
LE is dependent on JNK signaling (Martin-Blanco et al., 1998).
As in the wild-type embryos, average counts up to 10–12 puc-
positive cells per segment were detected (Fig. 4B, brackets).
However, puc expression, in some areas, was seen away from
the LE (Fig. 4B, arrowhead). These could be the DME cells that
lagged behind the adjacent fast-moving DME cells.
To further test whether ed genetically interacts with
components of JNK signaling, we examined the dorsal closure
defects of hep1; edlF20/edlF20 embryos. Both edlF20 and hep1
zygotic embryos exhibited rare dorsal closure defects (Table 1),
and removing one copy of hep did not enhance the dorsal
closure defects associated with zygotic ed embryos (3%, Table
1). Moreover, we found that Ed expression was not affected
when JNK signaling was down-regulated in da-Gal4-driven
UAS-bskDN embryos (data not shown). Together, we conclude
that ed does not affect JNK signaling.
Ed forms homodimers and directly interacts with myosin VI/Jar
Because Edintra is critical for cell shape changes (Fig. 2L),
we identified proteins interacting with Edintra. As a first step, a
major peak for EdN265 (possessing the N-terminal 265 amino
acids of Edintra, and with a theoretical molecular weight of
29 kDa) was observed with a calculated molecular weight of
about 57 kDa from the size exclusion chromatography
experiment (data not shown). This indicates that EdN265
forms dimers in solution. Moreover, in vitro translated Edintra
binds GST-Edintra, GST-EdN265 and GST-EdN191, but not GST-
EdN80 (Fig. 5B), indicating that Edintra might form dimers via
the N-terminal 191 amino acids. Notably, EdN80–117 contains a
repeat stretch of glycine–valine (G–V). It is possible that the
hydrophobic interaction between this G–V repeat might
partially contribute to the homodimer formation of Edintra.
These results prompted us to determine whether full-length Ed
can form a homodimer in vivo. Interestingly, full-length Ed
coimmunoprecipitated with Edintra-GFP in embryo lysate when
Edintra-GFP was overexpressed using da-Gal4 driver (Fig.
5C). We reasoned that both full-length Ed and Edintra-GFP can
dimerize, therefore, the relatively low level expression of
Edintra-GFP (compared to endogenous full-length Ed) immu-
noprecipitated only a small amount of endogenous full-length
Ed (Fig. 5C). Together, this suggests that Ed, via its intra-
cellular domain, forms homodimers.
After immobilization of Edintra on Ni-beads, affinity chroma-
tography was then used to isolate proteins from Drosophila
embryo lysates. One major co-precipitated protein of approxi-
mately 144 kDa was identified to be unconventional myosin VI/
Jar, by matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectrometry (the results of this study will
Fig. 5. Ed forms dimers and specifically associates with Jar. (A) Schematic
drawing of Ed deletion constructs used in this study. (B, C) Ed forms
homodimers. (B) Ed deletion constructs fused to GST and their in vitro binding
to a 35S-labeled Edintra. In vitro translated Edintra binds GST-Edintra, GST-EdN265
and GST-EdN191, but not GST-EdN80. 50% input is shown. (C) Coimmunopre-
cipitation in lysates from da-Gal4-driven edintra-GFP embryos. Immunopreci-
pitation was performed with anti-GFP and then analyzed by Western blot with
anti-Ed. Secondary antibody was used as a negative control. 5% of input is
shown. (D–F) Ed interacts with Jar. (D) Coimmunoprecipitation in lysates from
wild-type embryos. Immunoprecipitation was performed with anti-Ed and
analyzed by Western blot with anti-Jar. Goat serum was used as a negative
control. 10% of input is shown. (E) Minimum domains required for Edintra to
interact with Jar. In vitro binding of 35S-labeled Jar to various Ed deletion
constructs fused to GST. 10% of input is shown. (F) Minimum domains required
for Jar to interact with Ed. In vitro binding of GST-Edintra to various 35S-labeled
Jar derivatives. 20% of input is shown. Jar767 always migrates as a weak smear
rather than a band when compared with adjacent lanes. Overall, the amount of
Jar767 binding to GST-Edintra is less than that of Jar1022 and Jar768–1140.
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with Jar in vivo, we coimmunoprecipitated Ed-containing
complexes from embryo lysates and detected the presence of Jar
(Fig. 5D). Next, we examined through GST pull-down assays
whether Ed can directly bind Jar. Interestingly, GST-Edintra, but
not GST by itself, specifically bound in vitro translated full-
length Jar (Fig. 5E). Together, these data support a direct and
specific interaction between Ed and Jar both in vitro and in vivo.
We carried out deletion mapping studies to identify the
specific domains in Ed and Jar required for interaction.
Although Ed possesses a C-terminal PDZ-binding motif to
associate with Canoe as well as Bazooka (Wei et al., 2005), and
EdN191 is the minimal region to mediate Ed dimerization (Fig.
5B), we found that EdN80 cannot dimerize on its own (Fig. 5B)
but still maintains its ability to interact with Jar (Fig. 5E). Thus,
the domains required for Ed dimerization and interaction with
Jar, although partially overlapping, can be separated. Together,
our results suggest that monomeric Edintra can associate with
Jar. Myosin VI is comprised of an N-terminal motor domain,
followed by an IQ motif that binds calmodulin, and a C-terminal
coiled coil/cargo domain (Holmes and Geeves, 2000). We found
that Edintra weakly interacted with the motor domain alone but
strongly bound the IQ motif plus the C-terminal coiled coil/
cargo domain of Jar (Fig. 5F). Because Edintra only weakly
associated with the C-terminal coiled coil/cargo domain (Fig.
5F), our results suggest that Edintra interacts with Jar mainly
through the IQ motif and the region immediately following the
IQ motif. This region has been referred to as the lever arm
extension (Sweeney and Houdusse, 2007).
ed genetically interacts with jar
Previous studies showed that jar is crucial for correct cell
shape change and actomyosin cable formation in DME cells
during dorsal closure (Millo et al., 2004). Given that Ed
physically interacts with Jar and shares overlapping functions
with Jar in DME cells, we investigated whether Ed and Jar act in
the same process by examining genetic interaction between ed
and jar loci. Both edlF20 and jar322 zygotic null embryos
exhibited rare dorsal closure defects (Table 1). By using Ed to
outline the cell morphology of jar322 zygotic null embryos, we
observed that, as in the wild-type embryos, DME cells adopted
a rectangular shape and oriented themselves along the D–Vaxis
(Fig. 6A). Moreover, Ed was not mislocalized to the LE (Fig.
6A). However, removal of one copy of ed from the zygotic null
jar background (edlF20/+; jar322/jar322) resulted in 100%
embryonic lethality. Among them, 45% of embryos had a
dorsal hole (Fig. 6B), 20% had a small anterior hole, 27% had
abnormal germband retraction, while the remaining 27% of
embryos developed a closed cuticle but with head involution
defects (Table 1). Similarly, 31% of edlF20/edlF20; jar322/+
embryos exhibited dorsal holes (Table 1). When the edlF20/+;
jar322/jar322 embryos finishing germband retraction were
analyzed by confocal microscopy, we observed that many
DME cells either did not stretch properly or elongated along the
A-P direction (Fig. 6C). For the latter cells, both fasciclin III and
Ed were mislocalized to the LE (Fig. 6D, other data not shown),
Fig. 6. Genetic interaction between ed and Jar. (A) jar322/jar322 embryos stained for Ed. Both the cell morphology and distribution of Ed in DME cells is unaffected in
jar322/jar322 embryos. (B) A dorsal view of cuticle of edLF20/+; jar322/jar322 embryo showing a large dorsal hole (arrowheads and outlined by a dashed line). (C, D)
edLF20/+; jar322/jar322 embryos stained for phosphotyrosine (C) and fasciclin III (D). Many DME cells fail to constrict along the D–Vaxis (arrowheads in panel C) and
fasciclin III mislocalizes to the LE of these cells (arrowhead in panel D). (E, E′) edLF20/+; jar322/jar322 embryos double labeled with phalloidin (red) and
phosphotyrosine (green). Although the LE is relatively smooth, the actomyosin cable is weak and discontinuous (arrowheads in panel E).
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Despite this, the LE was relatively smooth compared to ed1X5
M/Z embryos, and the actomyosin cable was feeble and
interrupted wherever DME cells failed to elongate (Fig. 6E).
These results indicate that Ed and Jar act cooperatively to
control dorsal closure by regulating cell shape change,
actomyosin cable assembly and the establishment of cell
polarity in DME cells.
Ectopic ed expression in the amnioserosa induces contraction
of this tissue
Our above experiments using c381-Gal4 to ectopically
express ed in the amnioserosa allow us to conclude that
homophilic interaction of Ed contributes significantly to its
clearance at LE. Remarkably, we also noticed that 90% (n=80)
of the resulting embryos exhibited a posterior dorsal hole when
examined with cuticle preparations (Fig. 7A). This prompted us
to investigate the mechanisms leading to dorsal closure defects
in these embryos. At stage 12, all amnioserosa cells had a large
apical surface and were elongated toward the D–V axis of the
embryo (Fig. 7B). Consistent with our previous observation that
Ed induces cell shape changes, we found that as a result of
ectopic ed expression, the amnioserosa cells constricted
prematurely and were rounded in shape even at stage 12/13
(Fig. 7C). Because of the non-uniform expression of c381-Gal4
across the amnioserosa (Franke et al., 2005), we observed that
cells with higher Ed expression tended to have a smaller apical
surface than their neighboring cells with lower expression (Fig.
7E). Thus, ectopic ed expression in the amnioserosa can also
generate force and cause apical constriction.
Jar is expressed in both the amnioserosa and the flanking
epithelial cells (Millo et al., 2004). We found that Ed forms
dimers and directly binds Jar (Fig. 5). To determine whether Ed-
mediated amnioserosa contraction is dependent on Jar, we
removed zygotic jar from c381-Gal4-driven ed embryos.Interestingly, the level of apical constriction was compromised
(Fig. 7D) as we found that the mean apical surface area of
amnioserosa cells in UAS-ed/+; c381-Gal4/+; jar322/jar322
embryos (224±32 μm2, n=45) was significantly larger than in
UAS-ed/+; c381-Gal4/+ embryos (170±17 μm2, n=45) but
smaller than in wild-type embryos (253±7 μm2, n=40),
indicating that the effect of Ed on apical constriction is at
least partially mediated by Jar.
Laplante and Nilson (2006) hypothesized that an Ed
expression border is required for assembly of the actomyosin
cable. Accordingly, we next asked whether the presence of Ed
at both sides of LE might abolish the actomyosin cable
formation during dorsal closure. Interestingly, we found that
LE became irregular even at stage 12, as DME cells were
pulled by the prematurely constricted amnioserosa cells (Fig.
7F). Subsequently, when DME cells migrated forward,
however, we still observed prominent F-actin staining and
taut LE front (Fig. 7G). Although both LE and actomyosin
cable were normal, dorsal closure could not proceed further. It
is currently unclear what is the primary cause of dorsal closure
interruption.
Discussion
Ed regulates cell morphology
Dorsal closure involves cell shape changes and migration of
DME cells over the apically constricted amnioserosa. At later
stages of dorsal closure, myosin II/Zipper is the major motor
protein generating force to drive the contraction of both DME
and amnioserosa cells (Franke et al., 2005). However, its role in
establishing/maintaining early DME cell morphology (prior to
the assembly of visible actomyosin cable) has not yet been
documented. Here, we have shown that Ed is required to
regulate cell morphology at an early stage. Ed forms homo-
dimers and monomeric Ed can directly associate with myosin
Fig. 7. Ectopic expression of ed in the amnioserosa induces premature constriction of this tissue. (A) A dorsolateral view of cuticle of UAS-ed/+; c381-Gal4/+ embryo
showing a posterior dorsal hole (arrowhead). (B–D) Dorsal views of the amnioserosa of wild-type embryo (B), UAS-ed/+; c381-Gal4/+ embryo (C) and UAS-ed/+;
c381-Gal4/+; jar322/jar322 embryo (D), labeled with anti-phosphotyrosine. At stage 12, the amnioserosa cells are elongated along the D–Vaxis in wild-type embryo
(B) but show premature constriction in UAS-ed/+; c381-Gal4/+ embryos (C). This premature constriction is partially abolished in UAS-ed/+; c381-Gal4/+; jar322/
jar322 embryos (D). (E, E′) Dorsal views of the amnioserosa of UAS-ed/+; c381-Gal4/+ embryo (stage 13) double-labeled with Ed (green) and phosphotyrosine (red).
The degree of apical constriction is generally correlated with the amounts of Ed expressed. The cell with higher Ed expression (arrow) tends to have stronger apical
constriction than the cell with reduced or no Ed expression (arrowhead). (F) Lateral view of UAS-ed/+; c381-Gal4/+ embryo double labeled with Ed (green) and
phosphotyrosine (red). At stage 12, the LE of DME cells is highly irregular caused by Ed-mediated amnioserosa contraction. (G) Dorsal views of UAS-ed/+; c381-
Gal4/+ embryo (stage 14) stained for phalloidin. Following forward cell migration, the prominent actomyosin cable is present (except where interrupted in discrete
regions (arrowhead)) and LE becomes taut.
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shape changes is mediated through jar. How does Ed cooperate
with Jar to cause cell shape changes? Since myosin VI is
monomeric in vitro and cannot itself efficiently initiate
dimerization unless two molecules are held in close proximity
(Park et al., 2006), we propose that Ed, via homodimerization,
might promote the assembly of functional myosin VI/Jar dimer
in vivo that either tethers Ed to actin filaments (as an anchor) or
moves processively along actin filaments (as a transporter)
(Altman et al., 2004). Interestingly, Jar also associates with Arm
to stabilize DE-cadherin/Arm during border cell migration
(Geisbrecht and Montell, 2002). Thus, it might be feasible that
Ed recruits dimeric Jar to AJs where Jar associates with the
actomyosin network and stabilizes the DE-cadherin/Arm
complex that in turn also interacts with the actomyosin network.
In this scenario, myosin VI/Jar acts as an anchor molecule to
link homophilic CAMs like Ed and DE-cadherin of AJs to actin
filaments. Due to the large step size of myosin VI (Rock et al.,
2001), the resulting dimeric Ed/Jar complex might simulta-
neously associate with and cross-link neighboring actin
filaments (Altman et al., 2004). In this aspect, the function of
Jar in DME cells would be similar to Canoe, which links Ed to
actin filaments in wing disc cells (Wei et al., 2005).
Interestingly, Ed associates with Canoe and Jar via different
domains (C-terminal PDZ domain-binding motif and N-
terminal 80 amino acids, respectively) (Wei et al., 2005).However, unlike Jar, the distribution of Canoe at AJs of DME
cells is unaffected in edlF20 M/Z embryos, indicating the
importance of tissue-specific interactions (J.-C. Hsu, unpub-
lished data).
Following the engagement of myosin VI/Jar to actin
filaments at AJs, myosin II/Zipper, myosin VI/Jar or other
myosin motors might be responsible for the force generation
to establishing/maintaining early DME cell morphology. For
example, the plus end-directed myosin II/Zipper generates
pulling force to drive contraction of DME cells during the
zippering phase of dorsal closure (Franke et al., 2005).
Moreover, at stage 12, the apical constriction caused by
ectopic ed expression in amnioserosa cells is also associated
with the accumulation of myosin II (J.-C. Hsu, unpublished
data). However, as mentioned above, its role in early DME
cell morphology remains unknown. On the other hand, the
minus end-directed myosin VI/Jar might theoretically generate
a pushing force to cause cell expansion (Cramer, 2000). This
is, however, in contrast with our observation that Ed
cooperates with Jar to cause cell contraction. It is likely that
myosin VI/Jar functions only as an anchor to link Ed to actin
filaments but not as a force-generating motor. However, since
the organization and orientation of actin filaments in early
DME cells are currently unknown, we cannot completely
exclude the possibility that myosin VI plays an additional role
in force generation.
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clones induces apical constriction in the wing imaginal disc
(Wei et al., 2005) and we demonstrate here that ectopic ed
expression in the amnioserosa also induces apical constriction
of this tissue. While both loss of ed and ectopic ed expression
can induce apical constriction, the mechanisms, however, differ
in these two systems. In the former case, apical constriction of
ed−/− cells is caused by the accumulation of a higher density of
DE-cadherin, Arm and actin (and by their interaction with
myosin II). According to the differential adhesion hypothesis
(Steinberg, 1978), these ed−/− cells thus achieve stronger
adhesiveness (affinity) and self-sort out from the surrounding
wild-type cells. In contrast, overexpression of ed in amnioserosa
might promote, via myosin VI/Jar dimer, the assembly of actin
filaments that in turn interact with myosin II/Zipper, myosin VI/
Jar or other myosin motors to produce apical constriction.
The strong genetic interaction between ed and jar is
detectable not only during dorsal closure but also during
germband retraction, a process that is associated with dramatic
cell shape change of germband cells (Schock and Perrimon,
2002). Thus, Ed might also cooperate with Jar to regulate
germband cell elongation along the D/V axis.
Ed regulates cell migration
There are two types of AJs present in DME cells. The AJs
facing LE contain only DE-cadherin, while the AJs connect-
ing adjacent DME cells possess both DE-cadherin and Ed
which both associate with actin filaments. The difference in
AJ composition might regulate their stability and the strength
of cell–cell adhesion. For example, AJs possessing both DE-
cadherin and Ed might be more stable and rigid. This
scenario, together with the tension exerted by Ed in the DME
cells, can prevent each connecting DME cell from moving
prematurely even at stage 12. In contrast, the presence of only
DE-cadherin at AJs of the LE front might allow faster
turnover of AJs that in turn results in more efficient cell
migration. Upon removal of Ed, DME cells lose their tension
and contain only DE-cadherin at their AJs, which together
permit uncoordinated and premature migration of these cells
at an earlier stage.
We demonstrated that ed is also required for the assembly of
actomyosin cable from stage 13 of dorsal closure onwards.
Because the presence of the actomyosin cable can maintain a
taut LE front, the irregular migration defect of ed mutant DME
cells during early dorsal closure will become even more obvious
when actomyosin cable assembly also fails in these cells.
Thereafter, all DME cells migrate toward the dorsal midline
with different speeds. The faster-moving DME cells of a given
segmental stripe may extend filopodia to sense and preferen-
tially zip up with the other faster-moving DME cells derived
from either an adjacent segmental stripe or another stripe not
directly opposite it (instead of in the opposing stripe) to cause
misalignment. Although Ed is critical for actomyosin cable
formation, Ed accumulates only at ANC but not at LE. It is
possible that Ed might recruit additional factors to promote
actomyosin cable assembly. Alternatively, Ed might function asa scaffold protein to regulate ANC formation, as all ANC-
associated molecules tested mislocalize in the absence of Ed.
During the course of this study, Laplante and Nilson (2006)
proposed that differential Ed expression in lateral epidermis and
amnioserosa (some vs. no Ed expression) promotes the
generation of actomyosin cable and therefore, dorsal closure.
In contrast, we demonstrated that the elimination of Ed
expression border by ectopic expression of Ed in amnioserosa
(i.e., Ed expression at both sides of the border) still induces
assembly of actomyosin cable in DME cells. It is possible that
different levels of Ed expression across the border, but not
necessary “some vs. no Ed expression”, are sufficient to trigger
the generation of actomyosin cable.
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